The sound produced from a single bubble, oscillating at its breathing mode frequency, and the bubble size distribution are used to model the sound produced by breaking waves. The data of Medwin and Daniel [$. Acoust. Soc. Am. 88, 408-412 ( 1990} ] is used to evaluate the performance of the model. The model generates a damped sinusoidal pulse for every bubble formed, as calculated from the bubble size distribution. If the range from the receiver to the breaker is known then the only unknown parameters are e, the initial fractional amplitude of the bubble oscillation, and L, the dipole moment arm. It is found that if the product eXL is independent of the bubble radius the model reproduces the shape and magnitude of their measur6d sound spectrum accurately. The success of this simple model implies that the inverse problem (calculation of the bubble size distribution from the sound power spectrum} may be solved without the need to explicitly identify individual bubble pulses in the acoustic time series.
INTRODUCTION
Ambient sound levels in the ocean were first observed to correlate with wind speed by Knudsen et al.
• in 1948. They found that spectral levels of "ambient noise from water motion" decreased with increasing frequency at a rate of 5 to 6 dB per octave in the frequency range 100 Hz to 25 kHz. They postulated that the water noise was primarily caused by breaking waves at the sea surface. In 1962, Wenz 2 reviewed the available oceanic ambient noise data and found the same --5-to --6-dB spectral slope. He concluded that the observed shapes and amplitudes of the spectra supported the hypothesis that gas bubbles, cavitation and spray at the surface were the source of the sound in the range 100 Hz to 20 kHz. "quasisteady" breaking wave generated by a submerged airfoil to model a breaking wave in the laboratory. Using highspeed movies and hydrophone measurements, they found that "noise bursts" observed beneath the breaker were correlated with the formation of bubbles at the leading edge of the breaker and with coalescence and splitting of bubbles. Unfortunately, they did not present sound spectra and bubble size data sampled simultaneously for the same breaking wave.
Kerman, 3 Farmer and
Pumphrey and Crum • studied the impact of water drops on a free surface using high-speed movies and sound measurements. They found that when the impacting drop entrains an air bubble, the majority of the sound produced is due to volume pulsations of the bubble. This mechanism is quite different from a breaking wave; however, there may be considerable splashing and spray associated with violent breaking waves.
Recently, Pumphrey and Frowes Williams 5 used a steady flow over a weir in a laboratory flume to model breaking. They observed that newly created bubbles began radiating sound the instant they were formed. By comparing the frequency of oscillation with the predicted linear values they deduced that the sound was produced by volume pulsations of the bubbles. Updegraff •6 studied the sound radiated by gently spilling breaking waves in the ocean using hydrophone measurements and video recordings. He found that the acoustic spectrum from a small spilling wave had a slope of --5 dB per octave and that the sound was composed of damped sinusoidal pulses. He also observed that the peak oscillation pres- mean spectrum averaged from ten spectra modeled with the analytic spectrum model and the 95% confidence limits. This figure indicates that the randomness of the model results in _ 3 to ñ 4 dB of variation in the amplitude of the modeled spectrum. As a result we would not expect modeled spectra to match measured spectra closer than these limits.
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II. RESULTS
The goal of this study was to show that the bubble size distribution beneath a breaking wave could be used to calculate the sound-pressure spectrum. The values chosen for K,
•, L, and R will obviously determine how well the sound spectrum is predicted. Medwin and Daniel •s observed approximately 50 bubbles per wave and their sound-pressure spectrum (Fig. 2) 
III. DISCUSSION
We have shown that a simple model of the sound produced by a single oscillating bubble can be used to obtain the sound spectrum from the bubble size distribution under breaking waves. If the range R from the receiver to the breaker is known, then the model has only two unknown parameters ß and L. Our results indicate that the product ß X L is not a function of the bubble radius a, but is effectively constant across the sound spectrum. This is supported by Updegraff's 16 measurements which showed that the peak oscillation pressures were not a function of frequency.
It is possible that ß and L are functions of the wave geometry or the energy dissipation. For waves of moderate slope, Loewen and Melville ? found that the acoustic energy radiated by a breaking wave was approximately proportional to the energy dissipated and the wave slope. Longer or steeper waves might be expected to entrain bubbles to larger depths increasing the dipole moment L. Under larger breaking waves, L may increase because extremely large pockets of air are injected to greater depths initially, and when they break up to form smaller bubbles the dipole moment arm is of the order of the depth to which the pocket of air was initially injected. It could be the depth to which the large pockets of air are injected that scales with the wave parameters. It may also be that larger waves produce more sound simply because more air is entrained and, hence, more bubbles are formed.
The largest bubble that Medwin and Daniel is observed had a radius of 7.4 mm, which corresponds to a resonant frequency of 440 Hz. We expect that bubbles considerably larger than this will be present under waves larger than the 1.4-Hz and 0.03-m amplitude waves generated by Medwin and Daniel. Therefore, it should be possible for these larger bubbles to radiate sound at frequencies as low as several hundred Hz.
We believe that these results clearly demonstrate that bubble population data can be used to accurately and simply model the shape and the amplitude of the sound spectrum produced by a breaking wave. The more practical application would be to solve the inverse problem. That is, to calculate the bubble size distribution from the sound spectrum. If e and L, or at least the product eXL, is a constant as assumed in our model, then the problem is easily inverted.
If we assume that the energy in the sound spectrum at a given radian frequency co o is due only to bubbles corresponding to a radius a calculated from Eq. ( 1 ), the problem becomes even simpler. We are assuming that the spectrum of a single bubble pulse is a delta function which is a reasonable approximation, (see Fig. 4 ). The mean-square signal level for an individual bubble sound pulse is found by integrating Eq. (2) in time to give (8) where p2 
if we assume the range R is the same for bubbles of a given radius.
•e complete bubble size distribution can be calculated by evaluating •. (10) in each frequency bin across the entire sound sp<trum.
